Mother-infant pairs in the co-ICU group had the highest prevalence of separation due to interfacility transfer and the highest mortality compared with those in the maternal ICU and NICU groups.
A dmission of a newborn to a neonatal intensive care unit (NICU) produces a great deal of stress for the parents. 1 A new mother who also falls ill may be unable to care for, or bond with, her newborn during the time of her illness. 2 Although the father will experience a sense of loss of control when his infant is admitted to the NICU, 3, 4 this feeling is conceivably worsened when the mother too requires intensive care. In this situation of concurrent ICU admission (herein referred to as "co-ICU"), the mother and newborn may be in different areas of the same hospital or in different facilities. This separation would magnify the degree of mother-infant and family discord and stress and could create competing priorities for family members in terms of decision-making and support. Moreover, the situation would be made more devastating if the mother or newborn died in hospital and the other remained critically ill, or after discharge of one, the other required continuing hospital care or died.
Because of the serious, potentially negative consequences of co-ICU admissions, we examined the prevalence and predictors of motherinfant separation and mortality associated with co-ICU admissions.
Methods

Study population
We completed a retrospective population-based study. We included all singleton live births in the province of Ontario between Apr. 1, 2002, and Mar. 31, 2010. We excluded mother-infant pairs if the infant was born before 23 weeks' gestation or had a birth weight of less than 500 g, or if the mother was not 14-50 years old or lived outside of the province.
Background: Concurrent admission of a mother and her newborn to separate intensive care units (herein referred to as co-ICU admission), possibly in different centres, can magnify family discord and stress. We examined the prevalence and predictors of mother-infant separation and mortality associated with co-ICU admissions.
Methods:
We completed a population-based study of all 1 023 978 singleton live births in Ontario between Apr. 1, 2002, and Mar. 31, 2010. We included data for maternal-infant pairs that had co-ICU admission (n = 1216), maternal ICU admission only (n = 897), neonatal ICU (NICU) admission only (n = 123 236) or no ICU admission (n = 898 629). The primary outcome measure was mother-infant separation because of interfacility transfer.
Results:
The prevalence of co-ICU admissions was 1.2 per 1000 live births and was higher than maternal ICU admissions (0.9 per 1000). Maternal-newborn separation due to interfacility transfer was 30. We measured the proportion of women who were admitted to various ICUs during the study period using the special-care-unit codes contained in the Discharge Abstract Database (Appendix 1). These codes are standardized, and their use has been mandatory for reporting by all Ontario hospitals as of Apr. 1, 2002; they have a sensitivity of 96% and a specificity of 90% for adult ICU admissions. 5 For neonatal morbidity, similar codes to those in the Discharge Abstract Database were previously validated in an Australian study involving infants born between 1994 and 1996 in New South Wales. 6 For infant death, major disease diagnoses and the receipt of mechanical ventilation during the index hospital admission, the specificity was greater than 97% for each and the sensitivity typically above 80%. 6 In Ontario, which has a universal health care system, and in an era of more accurate ICD-10 coding (since 2002/03), we would expect these performance measures to be higher.
Income quintile and location of residence (rural v. non-rural) were defined according to postal code using Statistics Canada census data.
Exposure and outcome variables
We evaluated 4 possible states arising during the index hospital admission: co-ICU, in which both the mother and newborn were admitted to ICUs; maternal ICU, in which only the mother was admitted to an ICU; NICU, in which only the newborn was admitted to a neonatal ICU; and no ICU, in which neither the mother nor the newborn were admitted to an ICU (reference category). Prevalence and 95% confidence intervals (CIs) for each ICU state at the time of the index hospital admission were calculated annually and for the overall study period.
The primary outcome measure was motherinfant separation due to interfacility transfer (transfer of one or the other from the delivery hospital to another facility or transfer of both from the delivery hospital to different facilities). We measured the occurrence of mother-infant separation in relation to each of the 3 ICU states (co-ICU, maternal ICU and NICU).
The secondary outcome measures were the prevalence and predictors of each ICU state, and the infant and maternal morbidity and mortality in the 4 categories. Maternal, obstetric and perinatal characteristics and morbid conditions associated with each ICU state were evaluated relative to the no-ICU group. All evaluated variables were chosen a priori.
Maternal and infant mortality after the index hospital admission were measured in the short term (up to 42 days after delivery for maternal mortality and up to 28 days after birth for infant mortality) and at 1 year.
The above analyses were repeated but were restricted to nulliparous women.
Statistical analysis
We evaluated the annual change in the prevalence of the co-ICU, maternal ICU and NICU states using a Cochran-Armitage test for trend. We compared measures of interfacility transfer across the ICU groups using a χ 2 test. We used logistic regression analysis to identify maternal, obstetric and perinatal characteristics associated with each ICU state relative to the no-ICU group; the results are expressed as odds ratios (ORs) and 95% CIs and are adjusted for maternal age.
For infant and maternal mortality, we used Cox proportional hazards regression to derive age-adjusted rates and hazard ratios (HRs) and 95% CIs for short-term and 1-year mortality in each of the ICU states, with the no-ICU group as the reference category.
Results
Characteristics of mother-infant pairs
The initial study sample comprised 1 065 012 deliveries. We excluded deliveries if the mother had an invalid linkage number (n = 2015), was not a resident of Ontario (n = 1136), was less than 14 or more than 50 years old (n = 134), had a multi-fetal pregnancy (n = 36 521), had a stillbirth (n = 357), had a delivery before 23 weeks' gestation (n = 690) or had a newborn whose birth weight was less than 500 g (n = 181). The final sample comprised 1 023 978 singleton live births.
Compared with mothers in the no-ICU group, those in the co-ICU group were slightly older and were more likely to be nulliparous, to have a lower economic status, to have a diagnosis of drug dependence, diabetes mellitus or chronic hypertension, and to have been admitted to hospital in the year before the index hospital admission (Table 1) . Infants in the co-ICU group were delivered a mean of 3.8 (95% CI 3.7-3.9) weeks earlier than those in the no-ICU group. Infants born at term constituted 45.9% of newborns in the co-ICU group, 82.6% of those in the maternal ICU group, 71.2% of those in the NICU group and 96.9% of infants in the no-ICU group. The highest rates of invasive mechanical ventilation were in the co-ICU group (18.0% of mothers and 27.5% of infants) ( Table 1) .
The mothers' mean length of stay was 2.7 days longer in the co-ICU group than in the maternal ICU group. For newborns, the mean length of stay was 7.6 days longer in the co-ICU group than in the NICU group (Table 1) .
Prevalence of ICU admissions
Overall, 124 452 newborns (121.5 per 1000) and 2113 mothers (2.1 per 1000 live births) were admitted to an ICU during the study period. Most (88.8%) of these mothers were admitted to a mixed medical-surgical or a medical ICU (Appendix 2, available at www.cmaj.ca /lookup /suppl /doi:10.1503/cmaj.121283/-/DC1). More than half of the 2113 mothers admitted to an ICU (57.5% [1216] ) had an infant who was admitted to a NICU. Of the 124 452 infants admitted to a NICU, 1% (1216) had a mother who was admitted to an ICU ( Table 1) .
The prevalence of co-ICU admissions per 1000 live births was 1.2 (95% CI 1.1-1.3) and was higher among nulliparous women (n = 649; Note: SD = standard deviation. *Co-ICU = both mother and newborn admitted to ICUs during index hospital admission; maternal ICU = only mother admitted to ICU; NICU = only newborn admitted to ICU; no ICU = neither mother nor newborn admitted to an ICU. †Unless stated otherwise, all data refer to the number (%) of mothers and to the hospital admission for the index delivery.
1.4 per 1000 [95% CI 1.3-1.5]) than among parous women (n = 567; 1.0 per 1000 [95% CI 0.9-1.1]). The prevalence of co-ICU admissions was higher than that of maternal ICU admissions (0.9 per 1000). Neither of these rates changed significantly over time, whereas the rate of NICU admissions declined significantly during the study period (Figure 1 ).
Maternal-newborn separation due to interfacility transfer
Interfacility transfer of a newborn was 37.1 (95% CI 31.9-43.0) times more common in the co-ICU group than in the no-ICU group ( Table 2) . Separation of mother and infant due to interfacility transfer of one or the other, or of both to different facilities, was 30.8 (95% CI 26.9-35.3) times more common in the co-ICU group than in the no-ICU group and exceeded the prevalence in the maternal ICU and NICU groups ( Table 2) . These rates were similar for nulliparous and parous women (data not shown).
Morbidity
Relative to the no-ICU group, substantial differences were observed in the likelihood of maternal and neonatal ICU admissions in association with maternal characteristics and comorbidities (Appendix 3A, available at www.cmaj.ca /lookup /suppl /doi:10.1503/cmaj .121283 /-/DC1). These associated risk factors were often most pronounced in the co-ICU group and included maternal renal disease and preeclampsia; nearly one-third of the women in the co-ICU group had preeclampsia, as compared with less than 1% of women in the no-ICU group (Appendix 3A). Several obstetric risk factors were significantly associated with co-ICU or maternal ICU admission (Appendix 3B). Only maternal hemorrhage and forceps delivery were significantly more common in the maternal ICU group than in the co-ICU group. The rate of cesarean delivery linearly increased by ICU status and was most common in the co-ICU group (78.6%).
Of the perinatal factors, several were most pronounced in the co-ICU group, often even more so than in the NICU group (Appendix 3C). These factors included structural anomalies, preterm birth, low birth weight, birth asphyxia and diseases of prematurity.
The maternal, obstetric and perinatal OR estimates did not change significantly when we included only nulliparous women in the analyses (data not shown).
Mortality
Short-term infant mortality (< 28 days after birth) was higher in the co-ICU group (18.1 per 1000 life births; maternal age-adjusted HR 27.8, 95% CI 18.2-42.6) than in the NICU group (7.6 per 1000; age-adjusted HR 11.5, 95% CI 10.4-12.7), relative to the no-ICU group (0.7 per 1000) ( 1000; age-adjusted HR 4.6, 95% CI 2.8-7.4) ( Table 3 , Appendix 4C). At 1 year, maternal mortality remained significantly higher in the co-ICU group (Appendix 4D). Nulliparous women in the co-ICU group had a slightly higher rate of death at 42 days (1.7 per 1000) than parous women had (1.4 per 1000). Nine of the mother-infant pairs died in the short term (0.01 per 1000) and 15 pairs died at 1 year (0.01 per 1000) ( Table 3 ). The majority of these deaths involved nulliparous women.
Interpretation
In our study population, concurrent admission of a mother to an adult ICU and her newborn to a NICU (co-ICU admission) occurred 1.2 times per 1000 live births and was more common than admission of only the mother. The co-ICU group had the highest prevalence of mother-infant separation due to interfacility transfer, the longest mean hospital stay and the highest mortality.
Admission of a mother to an ICU is a clear indicator of severe acute maternal morbidity, and the concurrent admission of her newborn to a NICU is an indicator of further increased risk. About 50% of women affected by severe acute maternal morbidity do not require ICU admission; however, this depends on the defining criteria for the condition and the ICU resources available. 7 Among women with the condition, those admitted to an ICU have a higher case-fatality rate than those not admitted (3.4% v. 1.1%). 8 In a multicentre study involving 97 095 women who delivered in 12 Latin American countries, maternal ICU admission had the highest combined sensitivity (48.0%) and specificity (98.9%) for predicting maternal death before hospital discharge. *Co-ICU = both mother and newborn admitted to ICUs during index hospital admission; maternal ICU = only mother admitted to ICU; NICU = only newborn admitted to ICU; no ICU = neither mother nor newborn admitted to an ICU. †χ 2 test, for comparison between the 4 ICU states. ‡Separation due to transfer of one or the other from the delivery hospital to another facility or transfer of both from the delivery hospital to different facilities. §Of the transfers of mother-infant pairs, 78 (5.3%) involved transfer of the mother and infant to different facilities. Mother-infant pair 15 (0.01) ¶ - § - § - § - § *Co-ICU = both mother and newborn admitted to ICUs during index hospital admission; maternal ICU = only mother admitted to ICU; NICU = only newborn admitted to ICU; no ICU = neither mother nor newborn admitted to an ICU. †χ 2 test, for comparison between the 4 ICU states. ‡Of these 9 deaths, 8 involved nulliparous women. §The number and rate are suppressed owing to small sample size. ¶Of these 15 deaths, 11 involved nulliparous women.
In the same study, NICU admission (OR 2.11, 95% CI 1.95-2.28) and early neonatal death (OR 4.77, 95% CI 3.74-6.07) were each associated with severe acute maternal morbidity. 9 Our data on maternal and neonatal mortality (Appendix 3) are in keeping with these findings. Hence, co-ICU admission may be one optimal marker of maternal and infant morbidity and mortality, beyond maternal ICU or NICU admission alone.
Our rate of maternal ICU admissions (2.1 per 1000 live births) is similar to that in a national study from the Netherlands (2.4 per 1000 deliveries). 8 In the Dutch study 8 and in systematic reviews, 7, 10, 11 obstetric hemorrhage and the hypertensive disorders of pregnancy together constituted 65%-80% of all ICU admissions; in our study, they constituted 65% of admissions in the maternal ICU group and 73% in the co-ICU group.
Although we observed 1 maternal ICU admission for every 100 NICU admissions, there were 58 NICU admissions for every 100 maternal admissions. Future research comparing maternal and child bonding between these two situations and evaluating the impact on family, maternal well-being and infant development would be worthwhile.
It is conceivable that a newborn might be kept in hospital if his or her mother falls ill, and vice versa, but that should not require admission of the other to ICU. In fact, in the co-ICU group in our study, the infants' mean length of stay was 4.5 days longer than that of the mothers, whereas in the maternal ICU group, it was 1.4 days shorter. The length of hospital stay of the infant or mother might be prolonged when the other is admitted to an ICU, but that should normally reflect a stay in a newborn nursery or a regular ward.
What is the common pathological link between a mother and her newborn both being admitted to ICUs, and why does co-ICU admission reflect worse outcomes for both? Emphasis has typically been placed on the influence of maternal health on fetal health. 12 However, abnormalities of the maternal and fetal placental circulations may often co-exist, 13 and a diseased placenta may adversely affect mother and fetus alike.
14 Placental dysfunction may result in preeclampsia, placental abruption and placental infarction, 15 paralleled by an increased rate of preterm cesarean delivery and involvement of the maternal hepatic, cardiac, renal and cerebral systems. [16] [17] [18] [19] Adverse effects on the fetus may include poor growth, birth asphyxia, 20 prematurity 21 and death. 22 A retrospective case-control study involving detailed placental examination following co-ICU, maternal ICU and NICU admission relative to no ICU admission would be one efficient way to evaluate whether differences exist in placental pathology. Although preterm delivery of an ill mother certainly predisposes her newborn to the diseases of prematurity, about 45% of the deliveries in the co-ICU group in our study were at term. Thus, it is likely that newborn morbidity in the co-ICU group did not solely reflect preterm delivery of an ill mother.
In addition to being at high risk of death, newborns admitted to the NICU experience long-term morbidity. 23 This produces a great deal of stress for the parents. 1 With co-ICU admission, there is an increased chance that mother and child will be separated. Qualitative research is needed to better understand the impact of co-ICU admission on a mother, her partner and her family, both in the immediate postpartum period and in relation to subsequent bonding. 2, 3 Coordination and communication of care plans between the adult and neonatal ICUs could lessen the burden and frequency of separation of mother and newborn seen with co-ICU admissions. Regionalized obstetric programs could be equipped to take care of both a sick mother and a sick newborn. If interfacility transport is required, attempts could be made to transfer mother and baby to the same destination. The use of a NICU webcam could help a conscious mother in the ICU view her newborn remotely on a laptop or portable device. 24 Discharge planning and post-hospital care may need to be coordinated to deal with a recovering mother and her newborn. Given that co-ICU admission was associated with the highest rates of maternal and infant death, bereavement counselling may need to be modified accordingly. Finally, because of the ongoing risk of death after discharge (6 of the 28 infant deaths and 4 of the 23 maternal deaths in our study occurred beyond the window of early death), evaluation of the well-being of mothers and their infants -in clinical and research terms -should continue after hospital discharge.
Strengths and limitations
We included data for all singleton live births in the province of Ontario, where maternal and newborn care is provided in a universal health care system and health care outcomes are reported by all hospitals using standardized ICD-10-CA diagnostic coding methods. This enabled us to produce statistically precise and generalizable estimates of prevalence and risk.
Our study has limitations. First, because we included only singleton births, our findings may not be applicable to multi-fetal pregnancies, whose maternal and perinatal risk factors and outcomes can differ from those of singleton pregnancies. 25 All of the maternal variables we found to be associated with maternal and neonatal ICU admission, except for hospital admission in the preceding year, were captured in the index hospital admission. Hence, the effects of pre-existing maternal comorbidities could not be distinguished from those arising at the time of, or soon after, ICU admission. However, for variables such as maternal hemorrhage, preeclampsia and cesarean delivery, it is highly likely that they occurred shortly before maternal ICU admission. 10 The rate of cesarean delivery among women admitted to ICU has been reported to be about 65%, 7 which is nearly the same as the rate in the maternal ICU group in our study. In many instances, cesarean delivery is needed because of the clinical condition causing the morbidity. 7 Details about maternal tobacco use were restricted to a diagnosis of tobacco dependence, which was combined with other drug dependence. Also, maternal body mass index was not captured in the administrative databases that we used. Such variables might also predict the risk of maternal and neonatal ICU admission.
Conclusion
Mother-infant pairs in the co-ICU group had the highest prevalence of separation due to interfacility transfer and the highest mortality compared with those in the maternity ICU and NICU groups.
